Black coat colour is common in Chinese indigenous domestic pigs, but not among their wild ancestors, and it is thus presumed to be a 'domestication trait.' To determine whether artificial interference contributes to morphological diversification, we examined nucleotide variation from 157 Chinese domestic pigs and 40 wild boars in the melanocortin receptor 1 (MC1R) gene, which has a key role in the coat pigmentation of Sus scrofa. Compared with a pseudogene GPIP, our results showed that the joint effects of demography and selection have resulted in markedly low genetic diversity of MC1R in Chinese domestic pigs. Coalescent simulation and selection tests further suggest that the fixation of two non-synonymous substitutions associated with black colour is the result of artificial selection. In contrast, a much higher genetic diversity and only a single non-synonymous substitution were found among the wild boars, suggesting a strong functional constraint. Moreover, our conclusion is consistent with the preference for black colour in the ancient Chinese sacrificial culture. This case provides an interesting example of a molecular evaluation of artificial livestock selection and its associated cultural impact in ancient China.
Introduction
Domestication promotes abundant morphological polymorphisms in domesticated animals relative to their wild ancestors (Andersson, 2001; Diamond, 2002) . An obvious example is coat colour variation. For wild animals, colouration has a very important role in their ecological and behavioural adaptation and offers at least three broad categories of function: concealment, communication and regulation of physiological processes (Stoner et al., 2003) . In contrast, coat colours of domestic animals mainly represent human needs or cultural preferences and result from strong artificial selection and domestication bottlenecks (Innan and Kim, 2004) . Domestication is reflected at the molecular level as a 'footprint of artificial selection and demography' at domestication target loci. Therefore, analyses and comparisons of DNA sequence diversity between wild ancestors and their domestic counterparts provide insight into the genetic basis of morphological variation.
The Chinese domestic pig provides an ideal model for studying the molecular mechanism of phenotypic variation because of several special features. Unlike most other domestic animals, the wild ancestors of domesticated pigs and a number of outgroup species are still present in the world, which is convenient for examining ancestral and derived mutations as well as inferring the processes of artificial selection (Chen et al., 2007) . Moreover, the origin and history of Chinese domestic pigs have been deciphered. As one of the first domesticated animals in China, the presence of domesticated pigs can be traced back to B8000 years (Yuan and Rowan, 2002) . Our previous research on mitochondrial DNA showed that Chinese domestic pigs were separately domesticated from wild boars in the Mekong region and in the middle and downstream regions of the Yangtze River (Wu et al., 2007) . Since the initial domestication, more than 48 indigenous breeds have been domesticated so far (Zhang, 1986) . It is interesting that the black colour is found to be predominant in most of the Chinese indigenous pig breeds and can be used to clearly distinguish it from its wild progenitors (Geng and Liu, 2003; Shi et al., 2004 Shi et al., , 2006 Fang et al., 2009) .
The coat colour differences between Chinese domestic pigs and their wild progenitors led to the hypothesis that the allele dominating the black coat colour was possibly under artificial selection during the domestication of Chinese domestic pigs. This hypothesis can be tested by examining the selective pressure on coat colour gene(s) in Chinese domestic pigs and wild boars.
The melanocortin receptor 1 (MC1R) has already been identified as a major determinant of pigment phenotype (Lin and Fisher, 2007) . MC1R has a vital role in melanogenesis, as melanocytes produce black/brown eumelanin with active MC1R and red/yellow pheomelanin without MC1R signalling (Robbins et al., 1993) . Polymorphisms in MC1R have also been documented and associated with coat colour variance in many domestic species, such as dogs, chickens, cats and cattle (Klungland et al., 1995; Eizirik et al., 2003; Kerje et al., 2003; Anderson et al., 2009) . In pigs, six MC1R alleles associated with different colour phenotypes have been reported (Giuffra et al., 2000; Kijas et al., 1998 Kijas et al., , 2001 ). This evidence strongly suggested that MC1R might be an ideal marker to test our hypothesis.
In recent research, Fang et al. (2009) compared the non-synonymous/synonymous substitution rate ratio (dN/dS) between Asian and European domestic pigs and suggested that positive selection acted on the MC1R locus in domestic pigs. However, evidence of artificial selection on Chinese domestic pigs remains incomplete. On the one hand, the alleles were described from a limited sample size of Chinese domestic pigs (n ¼ 23) and wild boars (n ¼ 3); therefore, the results should be interpreted with caution. A larger population genetic data set is still to be developed to detect the effects of demographic events during pig domestication, because domestication bottlenecks can lead to patterns similar to those of selective sweep. On the other hand, it is widely known that pig domestication occurred independently in Europe and China (Giuffra et al., 2000; Larson et al., 2005) . The large dN/dS ratio (23.5) between European and Chinese domestic pigs could be due to selection operating on European domestic pigs, in which a total of six non-synonymous sites were found, twice that of Chinese domestic pigs. Indeed, the dN/dS ratio (0.25) of Chinese domestic pigs was significantly less than one, which cannot be taken as an evidence for positive selection. Therefore, to provide direct evidence of selection during domestication, it is necessary to focus on the comparison between Chinese domestic pigs and their wild ancestors in addition to a comparison between the two lineages that underwent independent domestication (that is, European domestic pigs and Chinese domestic pigs).
To get a comprehensive understanding of the selection pressure acting on coat colour during the domestication of pigs in China, we extended previous research to detect the genetic variations and degree of artificial selection in newly acquired 1552 bp sequences of MC1R. Our research included the entire MC1R-coding region and partial 5 0 and 3 0 flanking regions from 157 samples of Chinese domestic pigs and 40 samples of Chinese wild boars. Moreover, to detect a potential bottleneck effect, we sequenced a 707-bp glucose phosphate isomerase pseudogene (GPIP) from a subset of the MC1R samples. Our analysis of amino-acid change patterns, haplotype structure and nucleotide diversity, together with our bottleneck and hitchhiking model simulations and selection tests, provide clear evidence that strong artificial selection forces operated on the MC1R locus in Chinese domestic pigs. This artificial selection correlates with the black colour preference in ancient China during animal sacrifice and reflects the impact of culture on domestication. The primers GF (5 0 -TGCAGTTGAGAAGGACTTTAC TT-3 0 ) and GR (5 0 -GTATCCCAGATGATGTCATGAAT-3 0 ) were used to amplify a 707-bp fragment of GPIP (Giuffra et al., 2000) . PCR was performed with the same component concentrations as described above, but amplification was performed in different PCR conditions, which included a 3-min denaturation step at 95 1C followed by 35 cycles of the following: 1 min denaturation at 94 1C, 1 min annealing at 58 1C, 1 min of extension at 72 1C and a final 10 min extension at 72 1C.
Materials and methods

Sample collection
The amplified products were purified with a gel extraction kit (Watson Biomedical Inc., Shanghai, China) and sequenced with an Applied Biosystems (Foster City, CA, USA) ABI 3730 sequencer using the primers listed qin Supplementary Table 2. To have a quality check for possible sequencing errors, ambiguous sequences and rare variants were run for confirmation using a second set of independent PCR products. To obtain two different alleles in the samples with more than one heterogeneous site, independent PCR products were cloned into vector pMD18-T using a Takara ligation kit (Takara). For each sample, at least five independent clones were sequenced. All sequences in this study have been evaluated by bi-directional sequencing and deposited as haplotypes in GenBank (Accession nos. FJ665467-FJ665499, GQ900667-GQ900673).
Data analysis
The sequences of MC1R and GPIP were aligned and edited by DNAstar Software (DNAstar Inc. Madison, WI, USA). Aligned sequence data were imported into MEGA3 (Kumar et al., 2004) for analysing nucleotide composition and variable sites. A median-joining network (Bandelt et al., 1999) was also constructed using program Network4.2.01 (http://www.fluxus-technology. com) and modified manually to reveal relationships among haplotypes.
Watterson's theta estimator (y w ), nucleotide diversity (p), haplotype diversity and population genetic analyses were performed using DNASP4.0 software (Rozas et al., 2003) . Tajima's D test was performed using coalescent simulation under the assumption of no recombination across genes, which makes the test more conservative (Tajima, 1989a, b) . In the Hudson-Kreitman-Aguade (HKA) test (Hudson et al., 1987) , a Red River Hog (Potamochoerus porcus) from the same family Suidae was used as an outgroup to calculate divergence.
To further analyse data under different scenarios, we assume that there is no recombination within loci. Simulations under neutrality and the hitchhiking model of selective sweeps were done according to the procedures previously described (Hudson, 1990; Kim and Stephan, 2002; Li and Stephan, 2006) . Positive selection was assumed to be directional with co-dominant alleles.
Results and discussion
Sequence variation
We first surveyed sequence variation in a 963-bp region that covers the entire MC1R-coding region in 157 Chinese domestic pigs (representing 34 Chinese domestic breeds) and 40 Chinese wild boars. In the 80 chromosomes of our Chinese wild boar samples, 17 variable nucleotide positions were identified, which represent 16 synonymous and one non-synonymous substitution (G364A). However, to our surprise, only three variant sites were found in the 314 Chinese domestic pig chromosomes, indicating far fewer polymorphisms in domestic pigs compared with wild boars.
Interestingly, two amino-acid replacements (G283A, T305C) that cause changes at V95M and L102P were fixed in all domestic pig samples but absent from all wild boars, making it easy to distinguish between Chinese domestic pigs and wild boars. To further trace the evolutionary history of these amino-acid changes (V95M and L102P), we sequenced the MC1R-coding region from a Red River Hog and found that the amino-acid sequence of the outgroup was similar to that of the wild boars despite the presence of many synonymous substitutions. Thus, this raised the possibility that the two derived amino acids in Chinese domestic pigs may have been under selection during domestication.
Haplotype structure To elucidate the generation of variations in MC1R, we constructed haplotypes on the basis of the above genotypes using PHASE software (Stephens et al., 2001; Stephens and Scheet, 2005) . We then confirmed all these haplotypes by cloning and sequencing heterozygous samples (Figure 1 ). Although four haplotypes, MC1R*2 (Giuffra et al., 2000; Kijas et al., 1998 Kijas et al., , 2001 ) and MC1R*21-*23, were observed in the Chinese domestic pig samples, MC1R*2 accounted for 88.85% of the sampled chromosomes. The other haplotypes had very low frequency, ranging from 0.96 to 8.9%. In contrast, 16 unique haplotypes were observed in the Chinese wild boar samples, including two previously described haplotypes, MC1R*1 and MC1R*5 (Giuffra et al., 2000; Kijas et al., 1998 Kijas et al., , 2001 . The frequency of haplotypes in Chinese wild boars ranged from 1.25 to 13.75%, indicating that many rare haplotypes were present in Chinese wild boars and possibly reflecting recent population growth as described by Wu et al. (2007) . In the Chinese wild boar samples, B87.5% of the haplotypes differed only at synonymous sites, which possibly suggests that a strong functional constraint was acting on wild boars to maintain a camouflaging coat colour for survival enhancement in the wild. Moreover, the median-joining networks analysis also revealed a strikingly different genealogy pattern between Chinese wild boars and domestic pigs. Figure 2 depicts star-like topologies of haplotypes in Chinese domestic pigs that represent one common haplotype and several rare haplotypes, whereas the Chinese wild boar haplotypes exhibited several divergent clusters. Because different topologies are often associated with different population histories, different selective pressures or both, the star-like topology of Chinese domestic pigs might be due to a recent population expansion or positive selection that should strongly reduce genetic diversity at domestication target genes.
Genetic diversity
To investigate whether low genetic diversity existed in Chinese domestic pigs, we calculated the nucleotide diversity and found that it was 0.00022 in Chinese domestic pigs. This value is lower than other gene loci described to date in domestic pigs (Figure 3 ). For instance, the nucleotide diversity value p of the IGF2 gene in Chinese domestic pigs was about 0.0029 (Ojeda et al., 2008b) , which is 13-fold larger than that of the MC1R gene described here and approximately 11-fold lower than that of Chinese wild boars (0.00276). A similar finding in the FABP5 gene has been previously described in Japanese and European wild boars (0.0023) (Ojeda et al., 2008a) . In addition to the p value, Watterson's estimator (y w ) was calculated from the observed number of polymorphic sites in samples, and this also suggested that the level of diversity in the MC1R-coding region was low in Chinese domestic pigs (y w ¼ 0.00049), comprising 14% of the diversity found in Chinese wild boars (y w ¼ 0.00356). Together, our findings show low levels of MC1R-coding region diversity in Chinese domestic pigs, which is in contrast to previous observations of higher levels of genetic diversity in domesticated pigs (Wu et al., 2007; Ojeda et al., 2006 Ojeda et al., , 2008a . Our findings are consistent, however, with the logical theory of domestication events in that genetic diversity is generally thought to become lower after domestication. Lower genetic diversity could be caused by population dynamics or artificial selection, which evidently happens in several crops (for example, sorghum, rice and maize) (Wang et al., 1999; Hamblin et al., 2006; Olsen et al., 2006) . By contrast, previous studies reported unexpectedly high sequence variation in domesticated pigs even when considering the influences of target genes on economically important traits and the presence of strong artificial selection (Ojeda et al., 2006 (Ojeda et al., , 2008a . More recently, Ramírez et al. (2009) conducted a joint analysis of mitochondrial microsatellite and Y-chromosome polymorphisms, and showed that levels of genetic variation are similar in pigs and wild boars. Therefore, on the basis of currently published reports and our current findings, MC1R is a rare case in which the nucleotide diversity is much lower in Chinese domestic pigs than it is in their wild ancestors.
Bottleneck and hitchhiking model simulation
The observation of the low MC1R-coding region diversity in Chinese domestic pigs could be explained by the bottleneck effect. To verify whether the bottleneck effect had any role in the low nucleotide diversity of our samples, we further sequenced a 707-bp fragment of GPIP, which is known as a pseudogene (Harbitz et al., 1993) and is considered a neutral marker (Giuffra et al., 2000) in the same wild boars (n ¼ 36) and domestic pig (n ¼ 132) samples selected for MC1R typing. We detected 12 and 10 variant sites in Chinese domestic pigs and wild boars, respectively (Supplementary Table 3 ). The y w estimation showed no statistically significant difference between Chinese domestic pigs (0.00277) and wild boars (0.00292) for this locus, although the value in Chinese domestic pigs was slightly lower than that in wild boars. In addition, the ratio of p between Chinese domestic pigs (0.00135) and wild boars (0.00237) for GPIP was 0.57, which is 7.15-fold higher than that of the MC1R locus. These results suggest that the low diversity of MC1R found in Chinese domestic pigs is not a result of sampling bias but may be the consequence of the bottleneck effect. Although selection would not affect the neutral pseudogene, the bottleneck effect has been shown to decrease the nucleotide diversity of the entire genome in various domestic species (Wright et al., 2005) . To further test the possibility of artificial selection on MC1R, we first estimated the severity of the bottleneck due to domestication using the DNA polymorphism data of GPIP, which is assumed to evolve neutrally. We then examined whether the bottleneck scenario can explain the reduced genetic diversity of MC1R in the domesticated pig population. Finally, we estimated the minimum strength of artificial selection on MC1R.
For GPIP in the wild boar population, p ¼ 0.00237 per site. Under the assumption that the Sus scrofa-P. porcus divergence time is 10 million years (Randi et al., 1996) , nine synonymous mutations contribute to a total sequence divergence of 0.0127 (9/705), we estimate that ). We modelled domestication by using an instantaneous bottleneck. We assumed that the effective population size of the ancestral wild pig population is N 0 and that a small number of individuals sampled from the ancestral population founded the domesticated pig population, which has an effective size of N 1 . We also assume that the population size of the domesticated pig population increased instantaneously to N 0 after a certain time period (t 1 , in units of 2N 0 generations). Domestication occurred about 8000 generations ago (we presume 1 year per generation for domesticated pigs); therefore, the unknown parameter in the bottleneck model is the severity of the bottleneck (f ¼ t 1 N 0 /N 1 ).
As more genetic diversity will be reduced due to domestication when f increases, f can be estimated by minimizing the difference between the expected and observed genetic diversity (p) of GPIP in the domesticated pig population. Using coalescent simulations, the estimated severity of the bottleneck is 0.585 (the expected value of p is estimated from the 1.0 Â 10 5 simulated data). Given the severity of the bottleneck, the population parameter of the MC1R gene of the ancestral wild pig population (y w ¼ 6.0259) and the sample size (n ¼ 314), the expected p of the MC1R gene in the domesticated pig population is 3.440, which is much higher than the observed value. Moreover, the probability that the expected p is less than the observed p (0.2135) in the domesticated pig population is 0.044. Therefore, the bottleneck alone cannot explain the lack of genetic diversity in the MC1R gene of the domesticated pig population.
As the neutral bottleneck scenario is rejected for the MC1R gene, we considered the hitchhiking model to interpret the lack of MC1R genetic diversity in the domesticated pig population. We assumed a neutral locus (that is, MC1R gene) that is tightly linked to a selected site. According to the model, all observed segregating sites on the MC1R gene of the domesticated pig population should arise after domestication. Moreover, less genetic diversity is expected when selection strength is stronger. Therefore, the selection coefficient(s) for the domestication can be estimated by minimizing the difference of the expected and observed genetic diversity (p) of MC1R in the domesticated pig population. Using simulations, we found that the estimated selection coefficient(s) is 0.0012 (the expected p is 0.2146).
Test for selection
The possible influence of artificial selection on the MC1R locus in Chinese domestic pigs was further examined by the Tajima's D test, which compares the differences between p and y w . Under neutral mutation-drift equilibrium, these two values would be equal and Tajima's D would be close to zero (Tajima, 1989b) . In our analysis, D values were negative in both the Chinese domestic pigs and wild boars, although all of them insignificantly deviated from zero (Table 1) . The insignificant D value in Chinese domestic pigs is likely due to the small number of segregating sites, which would have weakened the Tajima's D test power (Simonsen et al., 1995) . Under such circumstances, the selection of wider gene-flanking regions may provide useful information. We sequenced 425 bp in the 5 0 UTR and 164 bp in the 3 0 UTR of the MC1R gene in all the Chinese domestic and wild samples considered above. For comparison, we also sequenced the same region from the Red River Hog. Interestingly, the p value of this flanking region in Chinese wild boars was 0.00571, which is about twofold greater than that of the coding region. However, in Chinese domestic pigs, the p value was significantly smaller in the flanking 'MC1R whole' denotes the 1552 bp region, including the 5 0 untranslated region (5 0 UTR), the coding region and 3 0 UTR. The glucose phosphate isomerase pseudogene (GPIP) and melanocortin receptor 1 (MC1R) data are from this study, and the other data are from previous reports: FABP4 (Ojeda et al., 2006) , mitochondrial DNA (Wu et al., 2007) , FABP5 (Ojeda et al., 2008a) and IGF2 (Ojeda et al., 2008b) .
Artificial selection on porcine MC1R J Li et al region (0.00001) than it was in the coding region (0.00022). This result is in agreement with the selective sweep hypothesis that directional selection may have acted on this region by selectively sweeping old variants out of Chinese domestic pig populations. In addition, Tajima's D test in Chinese domestic pigs was marginally significant (P ¼ 0.04) when both flanking regions and coding regions were considered.
Alternatively, a negative D value may result from population growth. To evaluate these alternatives, we used the HKA neutrality test to compare the polymorphisms and divergence of the sequenced MC1R gene with that of the neutral GPIP pseudogene. We first estimated the interspecific sequence variation between the Red River Hog and Chinese wild boars; then, we compared the interspecific variation with Chinese wild boars' intraspecific polymorphisms. The result showed no significant deviation from neutrality when the GPIP pseudogene was tested (w 2 -test, P ¼ 0.258). In contrast, the HKA test yielded a highly significant result when the MC1R region was compared with GPIP in Chinese domestic pigs (P ¼ 0.029). Mutation rate variation among loci would not result in significant HKA test results (Tajima, 1989a) . Population dynamics in Chinese domestic pigs during domestication also cannot explain these results. The influence of population growth would equally affect all loci, whereas selection would affect only the target regions (Hudson et al., 1987) . Our results suggest that directional selection may act on this region by selectively sweeping old variants out of Chinese domestic pigs.
If the lower than expected nucleotide diversity of the MC1R region in Chinese domestic pigs (as suggested by the HKA test and D statistics) was indeed a result of selective sweep, then we would expect that at least one of the two amino-acid changes (V95M, L102P) found in Chinese domestic pigs would be advantageous. To test this hypothesis, we compared the ratio of two nonsynonymous substitutions with zero synonymous substitutions that had fixed between Chinese domestic pigs and wild boars with a ratio of one non-synonymous to 16 silent polymorphisms. This comparison showed a significant excess of fixed non-synonymous substitutions (Fisher's exact test, P ¼ 0.0175) during domestication and supports our hypothesis that the non-synonymous substitutions were fixed by positive selection. Indeed, evidence from other species strongly suggests that the change from a leucine residue at codon 102 to a proline (L102P) can only result in black pigment (Kijas et al., 1998) . For example, the L102P mutation had been identified and associated with a dominant black colour trait in cattle (Klungland et al., 1995) . In mice, a functional analysis showed that the MC1R receptor with the mutated amino acid (proline) can be constitutively activated and related to the sombre phenotype (Robbins et al., 1993) . It is interesting to note that although the majority (if not all) of Chinese wild boars had wild-type coat colour and the leucine residue at this codon, all the Chinese domestic pigs with dominant black coat colour possessed this amino-acid change (Figure 1) . Therefore, the key amino acid involving in coat colour changes was under selection during the domestication.
The above observation raised the question of when this amino-acid change occurred in evolution. However, it is difficult to ascertain the exact time that the mutation appeared without ancient DNA data. Nevertheless, we could still speculate on some possible scenarios based on our analyses and the knowledge of the pig domestication in China. One scenario is that it changed during domestication, as shown in European domestic pigs (Fang et al., 2009 ). Another scenario is that the aminoacid change occurred in the wild ancestors, as was recently shown in horses (Ludwig et al., 2009) . As there were multiple independent domestication events in China (Wu et al., 2007) , it is unlikely that the two amino-acid changes (V95M, L102P) occurred in each course of domestication. However, the absence of this amino acid in our sequence survey of Chinese wild boars suggests that the amino-acid frequency in Chinese wild boars would be very low if it indeed existed. Therefore, a composite scenario with an initial occurrence in a wild ancestor of domesticated pigs, followed by artificial selection in domesticated pigs, is more reasonable. This hypothesis awaits further verification from the analysis of ancient DNA data.
The reason why the coat colour change between Chinese domestic pigs and their wild ancestors is still unknown. One possible explanation would be that a small number of wild individuals with black coat colour sampled from the ancestral population founded the domesticated pig population during domestication. However, it is most unlikely because our simulation analysis shows demographic events alone have less possibility to result in the observed nucleotide diversity in Chinese domestic pigs. Moreover, our further selection tests also support that the amino acids related to the coat colour changes were under selection. Another possible explanation is that the artificial selection of Chinese black-coloured pigs is likely reflecting the Chinese sacrificial culture. Archaeological studies indicate that Artificial selection on porcine MC1R J Li et al pigs were first domesticated B8000 years ago in China (Yuan and Rowan, 2002) . In ancient China, domesticated pigs initially served as the major protein source and gradually became the most common animal sacrifice in the Neolithic era of China (Wang, 1981 (Wang, , 1996 Kim, 1994; Okamura, 2002; Yuan and Rowan, 2005) . In rituals, the uniformly coloured black pigs were especially preferred because they were thought to be sacred, clean and a representation of faithful respect to the holy gods and/or ancestors (Qu, 1998) . Sacrificial offerings in China are believed to have emerged B7000 years ago (He and Cheng, 2007) , and this was immediately followed by the domestication of pigs. It would be interesting to test this hypothesis when more background information of Chinese domestic pigs and the ancient DNA data are available.
